The most common form of drug resistance found in tuberculosis (TB)-positive clinical samples is monoresistance to isoniazid. Various genomics and proteomics studies to date have investigated this phenomenon; however, the exact mechanisms relating to how this occurs, as well as the implications of this on the TB-causing organisms function and structure, are only partly understood. Considering this, we followed a metabolomics research approach to identify potential new metabolic pathways and metabolite markers, which when interpreted in context would give a holistic explanation for many of the phenotypic characteristics associated with a katG mutation and the resulting isoniazid resistance in Mycobacterium tuberculosis. In order to achieve these objectives, gas chromatography-time of flight mass spectrometry (GCxGC-TOFMS)-generated metabolite profiles from two isoniazid-resistant strains were compared to a wild-type parent strain. Principal component analyses showed clear differentiation between the groups, and the metabolites best describing the separation between these groups were identified. It is clear from the data that due to a mutation in the katG gene encoding catalase, the isoniazid-resistant strains experience increased susceptibility to oxidative stress and have consequently adapted to this by upregulating the synthesis of a number of compounds involved in (i) increased uptake and use of alkanes and fatty acids as a source of carbon and energy and (ii) the synthesis of a number of compounds directly involved in reducing oxidative stress, including an ascorbic acid degradation pathway, which to date hasn't been proposed to exist in these organisms.
T he discovery of isoniazid/isonicotinic acid hydrazide in 1945 was considered a major breakthrough in the treatment of tuberculosis (TB), as this drug exhibited high antimicrobial activity with relatively few side effects, in addition to it being relatively inexpensive (1) . Isoniazid requires in vivo activation before it exhibits any of its antimicrobial effects (2, 3) . This activation occurs via the bacterial enzyme catalase-peroxidase to form isonicotinoyl radicals, which in turn reacts with NAD, and the resulting conjugates bind to the NAD(H) recognition site of the enzyme InhA (4), inhibiting its action. InhA is an enoyl-acyl carrier protein, primarily involved in bacterial fatty acid elongation via the FAS II system and essential for mycolic acid synthesis (5, 6) . Consequently, inhibition of InhA by isoniazid results in disruption of normal cell wall structure and functioning and the death of the TB-causing bacteria.
However, within a few months of isoniazid's introduction as an anti-TB drug, frequent reports of rapid resistance to this started emerging (7) . Consequently, various combination treatment approaches were introduced and are still being used to this day. Monoresistance to isoniazid is the most common form of drug resistance found in clinical samples, constituting approximately 13.3% of all reported global TB cases (8) . The majority of these isoniazid-resistant strains (40 to 58%) are attributed to a mutation in the primary mycobacterial catalase-peroxidase gene (katG), which possesses both catalase and peroxidase activities (9) . This mutation results in an enzyme that is unable to activate isoniazid but retains 50% of its catalase-peroxidase function. Consequently, these mutants are resistant to isoniazid but retain a sufficient level of oxidative protection to maintain the organism's resistance to the host's induced antibacterial oxidation mechanisms (10) .
The most frequent katG mutation detected in clinical samples is Ser-315, deleted or altered to either threonine, asparagine, isoleucine, arginine, or glycine (11) . A mutation in this region results in a decreased affinity of the enzyme to bind isoniazid. Other less frequent mutations detected in katG result in various levels of isoniazid resistance and catalase-peroxidase activities (12) and include mutations in the D36E, H108Q, T262R, A350S, and G629S functional residues of the enzyme (13) . Furthermore, mutations in the promoter region of the alkyl hydroperoxidase reductase (ahpC) gene of Mycobacterium tuberculosis [G(Ϫ48)A, G(Ϫ51)A, C(Ϫ54)T, G(Ϫ74)A, and C(Ϫ81)T)] have also been associated with isoniazid resistance (13) . These were, however, also accompanied by mutations in katG and resulted in a complete loss of the enzyme's catalase-peroxidase functioning (12) . Consequently, these ahpC mutations, detected in 10% of all isoniazid-resistant strains, are not directly implicated in isoniazid drug resistance, and the resultant overexpression of alkyl hydroperoxidase reductase is thought to be a method by which these organisms compensate for their loss of catalase-peroxidase activity (14) .
As described above, the majority of the research explaining isoniazid drug resistance was done using genomic techniques, involving gene chips (15) and genomic sequencing (8), subsequently identifying the underlying mutations responsible for the observed phenotypical changes. From a proteomics perspective, the three-dimensional (3D) crystal structures of the enzymes involved in drug resistance have also been studied, for the purpose of identifying the specific drug binding sites and possible enzyme structure alterations, which occur due to the these mutations (16) .
Furthermore, the interactome of M. tuberculosis was studied (17) , investigating those pathways potentially causing drug resistance. However, no study examining this phenomenon from a metabolomics perspective has been attempted, until now. Metabolomics is a relatively new research direction, aimed at investigating various cell/disease mechanisms from a metabolic profile perspective. Metabolomics can be defined as "the nonbiased identification and quantification of all the metabolites in a biological system," using highly sensitive analytical procedures (18) . This approach serves as the basis for the discovery of new biomarkers for better disease diagnosis and for better describing the mechanisms resulting in drug resistance, elucidating drug mechanisms, and monitoring treatment outcomes (3) .
Considering this, we applied a metabolomics research approach, using two-dimensional gas chromatography-time of flight mass spectrometry (GCxGC-TOFMS), and compared the metabolomes of two different isoniazid-resistant strains of M. tuberculosis (H15 and H71) to that of a wild-type TB72 parent strain. The metabolite markers identified were subsequently interpreted in the light of the katG mutations, and by using the proposed approach (19), we were able to generate a more holistic understanding of the underlying mechanisms relating to mutations in katG and the resulting drug resistance to isoniazid in M. tuberculosis.
MATERIALS AND METHODS
Bacterial cultures and selection of isoniazid resistance strains. The two isoniazid drug-resistant M. tuberculosis strains (H15, n ϭ 8 cultures; H71, n ϭ 8 cultures) and the wild-type M. tuberculosis parent strain (ATCC 35801) (n ϭ 8 cultures), belonging to the Haarlem genotype, were cultured and selected by the Royal Tropical Institute, Amsterdam, The Netherlands, as previously described (8) . The reason for using the above-given approach is to generate mutants with a resistance mechanism/mutation more closely resembling that seen by in vivo isolated isoniazid mutant strains. The DNA isolation of the isoniazid-resistant strains and characterization of the isoniazid resistance-conferring katG mutations was done via PCR and sequencing of a 233-bp fragment surrounding codon 315 and a 300-bp fragment surrounding codon 463 of katG, as previously described (8) . The mutation causing isoniazid resistance in the H15 strain was due to a mutation at codon 321 of the katG gene, resulting in phenylalanine replacing tryptophan in the amino acid sequence of the translated catalase-peroxidase enzyme. The H71strain, on the other hand, is characterized by a deletion of codon 315 of the katG gene (20) .
Both the isoniazid-resistant and wild-type parent strains were then cultured in Middlebrook 7H9 broth supplemented with oleic acid-albumin-dextrose in a shaking incubator at 37°C. For each strain, liquid starting cultures were made by inoculating pure colonies into 10 ml culture medium until these cultures reached the logarithmic growth phase. Prior to extraction, the bacteria were isolated from each culture (n ϭ 8) for each of the three strains, snap-frozen, lyophilized, and stored at Ϫ80°C until sample extraction.
Sample extraction. Five milligrams of each lyophilized sample was weighed into a prewashed (with 0.5 ml chloroform, 0.5 ml methanol, and 0.5 ml Nanopure water, followed by shaking in a vibration mill for 3 min with a carbide tungsten bead at 30 Hz · s Ϫ1 ) 1.5-ml microcentrifuge tube, followed by the addition of 50 l 3-phenylbutyric acid (0.104 g/ml), as the internal standard. A mixture of chloroform, methanol, and water (1 ml) was added in the ratio of 1:3:1, briefly vortexed, and then placed in a vibration mill (Retsch, Haan, Germany) with a carbide tungsten bead (Retsch) for 5 min at 30 Hz · s Ϫ1 . The sample was then centrifuged for 7 min at 12,000 rpm at 4°C, and the supernatant was subsequently transferred to a 2-ml glass sample vial (Separations, Johannesburg, South Africa) and dried under a stream of nitrogen at room temperature.
Samples were then derivatized using 50 l methoxyamine hydrochloride (containing 15 mg/ml pyridine) at 50°C for 90 min, followed by 50 l N-methyl-N-(trimethylsilyl)trifluoroacetamide with 1% trimethylchlorosilane at 50°C for 60 min. The samples were subsequently transferred to a 0.1-ml insert in a 2-ml sample vial and capped prior to GCxGC-TOFMS analysis.
GCxGC-TOFMS analysis. Analyses of the derivatized samples were done using a Pegasus 4D (LECO Corporation, St. Joseph, MI, USA) twodimensional time of flight mass spectrometer (GCxGC-TOFMS), equipped with an Agilent 7890A gas chromatograph (Agilent, Atlanta, GA), a secondary oven, a dual-stage cryomodulator, and a Gerstel multipurpose sampler 2-XL (MPS2-XL) (Gerstel GmbH & Co. KG, Mülheim an der Ruhr, Germany). The primary column used was a Restek Rxi-5Sil MS capillary column ( were injected at a 5:1 split ratio, and helium was used as the carrier gas at a constant flow rate of 1 ml/min. The injector temperature was held constant at 270°C for the entire run. An initial oven temperature for the primary column was 70°C and was maintained for 2 min, followed by an increase of 4°C/min, until a final temperature of 300°C was reach and maintained for an additional 2 min. Cryomodulation and a hot pulse of compressed air for 0.7 s, every 3 s, was used to control the effluent off the primary column and onto the secondary column. The secondary column oven temperature program was identical to that of the primary column, with a ϩ5°C offset. No mass spectra were recorded for the first 550 s of each run (solvent delay). The transfer line temperature was held at a constant 280°C and the ion source at a constant 200°C for the entire run. The detector voltage was 1,700 V, and the filament bias was Ϫ70 eV. Mass spectra were collected from 50 to 800 m/z at an acquisition rate of 100 spectra per second.
Deconvolution and peak alignment. LECO Corporation Chroma-TOF software (version 4.32) was used for peak identification and mass spectral deconvolution (signal-to-noise ratio of 200). Compound identification was done by comparison of the mass spectra and relative retention indices of the detected compounds to a library compiled from previously injected standards. To eliminate the effect of retention time shifts, peaks with similar mass spectra were aligned across all samples using an optional peak alignment function of the ChromaTOF software Statistical Compare. Peak areas were normalized relative to the internal standards by calculating the relative concentration of each compound.
Statistical data analysis. Compounds which were detected in less than 50% of the samples in any sample group or showed no variation between the groups were removed. A quality control (QC) correction step was applied to the data set using quantile equating to correct for linear and nonlinear differences in distribution (21) . Zero value replacement substituted the zero value of undetected compounds with a value calculated as half of the minimum concentration in the original data to account for the detection limit of the apparatus, and a QC-coefficient of variation (CV) filter of 50% was applied (22) .
Statistical data analysis was done using MetaboAnalyst, a metabolomics Web server based on statistical package "R" version 2.10.0 and supported by The Metabolomics Innovation Centre (TMIC). The data set was log transformed. Principle component analysis (PCA) was performed to determine whether a natural differentiation exists between the sample groups based on their metabolite profiles. PCA transforms a number of possibly related variables (or metabolites) into a smaller number of unrelated variables known as principal components (PCs), which express the maximum variation in the data set by characterizing each component in a multidimensional space. The PCA modeling power of each metabolite was determined, and those with a modeling power of greater than 0.5 were considered important in determining the differentiation of the groups (23) .
Univariate analysis, including effect size (ES), as described previously (24) , was used to evaluate the importance of the variation of individual metabolites. For this nonparametric data set, an effect size of Ͼ0.5 is considered to be highly relevant, Ͼ0.3 potentially relevant, and Ͻ0.1 irrelevant. Descriptive statistics based on the unscaled data includes means and standard deviations.
RESULTS
A total of 736 compound peaks were identified after GCxGC-TOFMS analyses in each of the samples extracted. Multivariate statistics was used to determine if a natural differentiation exists between the groups on the basis of these detected compounds using PCA. As can be seen in Fig. 1 , PCA of the GCxGC-TOFMS metabolome data shows clear differentiation between the two isoniazid-resistant M. tuberculosis strains and the wild-type parent strain. This can be ascribed to the metabolite profiles of these 3 groups varying significantly enough to allow for a natural grouping of the individual samples into their respective groups. Subsequently, those compounds that contribute most to the variation determined between the analyzed sample groups were identified and used as potential markers for explaining the variation between the isoniazid-resistant strains (H15 and H71) and the wild-type parent strain, for the purpose of elucidating the mechanisms relating to isoniazid resistance from a metabolomics perspective (Table 1) . Of these 29 compounds identified, 23 could be annotated using the libraries and 6 remained unknown. These metab- and differentiation of the individual samples into the respective isoniazidresistant strain groups H15 and H71 and the wild-type MTB72 parent strain, due to variation in their metabolic profiles (PC1, 87%; PC2, 2.7%; and PC3, 2.1%). Loots olite markers were classified into their respective compound groups and included mostly corresponding alkanes, alcohols, and fatty acids, a surfactant known to assist in the uptake and utilization of these compounds as alternative energy sources, and various compounds known to be associated with oxidative stress. The majority of these compounds were additionally detected in elevated concentrations in the isoniazid-resistant strains comparatively.
DISCUSSION
Aerobic organisms, including M. tuberculosis, require oxygen for respiration and the oxidation of nutrients for energy production. However, damaging reactive by-products, such as superoxide anion radicals, hydrogen peroxide, and reactive hydroxyl radicals, are usually generated during these processes (25) . Additionally, the host also responds to M. tuberculosis infection by generating an oxidative stress onslaught, once engulfed by host macrophages as part of the host immune response (11) . In order for these bacteria to survive these oxidative conditions, they possess a series of defense mechanisms, including (i) detoxifying enzymes and scavengers for free radicals, (ii) various DNA and protein repair systems, and (iii) increased usage of nutrient substrates ensuring bacterial survival (10) . The katG gene encodes the catalase-peroxidase enzyme, which traditionally serves to protect these organisms from oxidative stress. Apart from this, the oxyR gene, considered to be the primary regulator of the peroxide stress responses in Gramnegative bacteria, activated by exposure to low dosages of hydrogen peroxide, expresses at least 9 proteins able to protect the cell against these oxidative stress conditions (26) . The oxyR gene is additionally responsible for the hydrogen peroxide-dependent induction of katG expression (27) . Wild-type M. tuberculosis, however, seems to have a reduced defense against reactive oxygen species (28) comparative to other aerobic organisms, due to a series of mutations detected in its oxyR gene region, resulting in a total loss of oxyR functionality (29). Gupta and Chatterji, however, speculate that due to the fact that the oxidative stress response is crucial to the survival of this organism, this pathway has become constitutive rather than inducible, hence no longer requiring a positive regulator (30) . M. tuberculosis has potentially developed other mechanisms for regulating the expression of katG. One of these is thought to be the ahpC gene, which codes for a subunit of an organic peroxide detoxification enzyme found in these bacteria. However, the expression of ahpC in M. tuberculosis was found to be rather low, and its expression was found not to be upregulated during periods of oxidative stress (31). Jaeger et al. determined that isolates unable to overexpress AhpC were in fact avirulent, and they consequently concluded that AhpC is an important virulence factor, especially in isoniazid-resistant strains (32) . More recently, oxyS has been shown to directly regulate katG in response to oxidative stress, by binding to its promoter region, and the conserved binding site for OxyS in the promoter region of katG has been mapped (33) . Considering the metabolomics data collected and the markers described in Table 1 , it is evident that the isoniazid-resistant strains show elevated concentrations of various alkanes, corresponding fatty acids, and alcohols. Alkanes are used by most bacteria as a carbon source, and their uptake is dependent on the type of bacteria, the length of the alkane, its availability, and the environment in which these bacteria grow (34) . These alkane-utilizing bacteria secrete glycolipid surfactants, which allow for the cellular uptake and usage of these alkanes (35) . Degradation of alkanes with two or more carbons starts with the oxidation of the terminal methyl group by alkane hydroxylases, yielding the corresponding primary alcohol, which in turn is oxidized by alcohol dehydrogenase to an aldehyde and then eventually converted to a fatty acid (34) to be used as an energy source or for cell wall synthesis. Schnappinger et al. recently reported that when M. tuberculosis resides intraphagosomally, it encounters high levels of oxidative stress, and during these conditions its dependence on the oxidation of fatty acids as a carbon source and energy source increases (36) . The isoniazid-resistant strains investigated in the current study, due to the mutations in their katG gene, most likely experience comparatively elevated oxidative stress and consequently compensate for this by increasing the uptake of available alkanes in order to synthesize more fatty acids for utilization as a carbon and energy source (10) during such conditions. Further evidence supporting this is the increased concentrations of D-glycero-Lmannoheptonic acid in the isoniazid-resistant mutants, which is a glycolipid functioning as a surfactant assisting in the uptake of alkanes or other nutrients from the growth medium (35) . Additionally, mycobacteria are one of the few bacterial species able to utilize secondary amines as carbon and nitrogen source (37) . Considering this, the reduction in N-butylamine in the isoniazid-resistant strains further substantiates the proposed increased energy, carbon, and nitrogen demands of these organisms, due to oxidative stress induced by the absence of katG.
The elevated levels of p-hydroxybenzoic acid, cadaverine, and threonic acid detected in the isoniazid-resistant strains (Table 1) further confirm the proposed increased oxidative stress and the above-mentioned adaptive metabolism detected in these strains. p-Hydroxybenzoic acid is a precursor for ubiquinone synthesis in Gram-negative bacteria (38) , which in turn is a well-known scavenger for peroxyl radicals, subsequently used by these bacteria for preventing lipid peroxidation of fatty acids, predominantly in the bacterial cell envelope (39) . Similarly, cadaverine, an antioxidant polyamine, is also used by bacteria to prevent oxidative damage by free radicals. This compound functions either by directly neutralizing hydrogen peroxide and/or as a free radical scavenger (40). Tkachenko et al. additionally determined that various polyamines, including cadaverine, are capable of upregulating katG expression under conditions of oxidative stress (41) . Considering this, the increased concentrations of p-hydroxybenzoic acid and cadaverine in the isoniazid-resistant strains are most likely due to an upregulation in their synthesis in an attempt to compensate for their reduced catalase and catalase-peroxidase activities. Furthermore, ascorbic acid is a well-known antioxidant, and elevated ascorbic acid oxidation to threonic acid, in various other organisms is usually indicative of increased oxidative stress (42) . Although an ascorbic acid synthesis pathway has been previously described for M. tuberculosis (43) , the oxidative breakdown product of this, threonic acid, most probably induced by elevated hydrogen peroxide, as detected in these isoniazid-resistant strains, has never been described for M. tuberculosis. This may be due to two possible reasons: first, the elevated hydrogen peroxide due to the mutation in katG, and second, the elevated ascorbic acid synthesis by the organism to cope with this, or both.
In conclusion, although a mutation in the katG gene allows M. tuberculosis to survive treatment with isoniazid, it would be expected to compromise its growth and viability under standard growth conditions, due to an increased susceptibility to oxidative stress. The characteristic metabolites identified in this metabolomics approach support the notion that these organisms have upregulated a number of compensatory mechanisms for coping with this state, including (i) increased uptake and use of alkanes and fatty acids as a source for carbon and energy and (ii) the synthesis of a number of compounds directly involved in reducing oxidative stress. One should keep in mind that metabolomics investigations can be seen as the first hypothesis-generating step in the elucidation of previously unknown mechanisms, and future studies, aimed at confirming these pathways, using more direct methodology should always be considered.
